[1] The preformed nitrate distribution throughout the subtropical North Pacific is characterized by a negative anomaly between 100 m and the 25.4 s q surface. Its presence indicates that nitrogen remineralization in the upper thermocline deviates significantly from Redfield stoichiometry. It has been previously suggested that this feature is created during the degradation of nitrogen-poor dissolved organic matter (DOM) (Emerson and Hayward, 1995) . Here we present evidence from two transects in the eastern subtropical North Pacific that degradation of DOM with a high C:N ratio is quantitatively responsible for negative preformed nitrate. We develop a simple isopycnal mass balance to determine preformed nitrate using apparent oxygen utilization (AOU), dissolved organic carbon (DOC), and dissolved organic nitrogen (DON) data. These results agree well with the traditional preformed nitrate calculation and indicate that the intensity of the anomaly is proportional to the magnitude of DOM remineralization and its C:N remineralization ratio. An analysis of preformed nitrate distributions in the eastern subtropical North Pacific between 1980 and 1997 reveals a significant increase in the negative anomaly. While a portion of this change may be attributable to a reduction in ventilation of the gyre, the majority of the signal is due to an increase in the magnitude and/or C:N ratio of DOM remineralization. This conclusion supports recent hypotheses that DOM production and cycling may have increased in this region in the past 2 decades as a result of changes in the phytoplankton community structure.
Introduction
[2] Recent studies based on biogeochemical observations from the Hawaii Ocean Time series (HOTs) station ALOHA have suggested that climate-induced changes in the habitat of the subtropical North Pacific may cause shifts in phytoplankton community structure that alter the region's biogeochemistry [Karl, 1999; Hebel and Karl, 2001; Karl et al., 2001a; Church et al., 2002] . These changes primarily reflect the ecosystem's response to decadal variations in mixed layer depth and vertical nutrient flux. Karl et al. [2001a] document such a ''domain shift'' sometime in the early 1980s when the phytoplankton community transitioned from one dominated by large eukaryotes (i.e., diatoms) to one dominated by nitrogen fixing cyanobacteria (Trichodesmium) and small photosynthetic prokaryotes (Prochlorococcus). This transition has been linked to significant biogeochemical changes in the region over the last 2 decades, including a two-fold increase in primary productivity [Karl, 1999; Karl et al., 2001a] , a secular decrease in euphotic zone phosphorus and silicate concentrations [Karl et al., 2001b] , and an increase in the euphotic zone particulate nitrogen inventory [Hebel and Karl, 2001] .
[3] One of the most provocative implications of the domain shift is that net production of dissolved organic matter (DOM) may have also increased with respect to primary productivity. Karl et al. [2001a] suggest that the shift toward a smaller size distribution in the plankton community would fundamentally alter nutrient flux pathways and food web structure so that DOM production and consumption would make up a larger fraction of gross primary production and respiration. Enhanced DOM cycling could effectively transfer production from sinking particulate to dissolved forms, thereby increasing the residence time of organic carbon and nutrients in the euphotic zone. This could not only alter the particulate export of biogenic materials to the deep sea, but could also enhance the transport of DOM from the surface ocean. Such an increase in DOM production and export could have important implications for ocean biogeochemical models that relate organic carbon export to primary productivity via a simple f-ratio [Eppley and Peterson, 1979; Laws et al., 2000] . These models may not be directly applicable to the subtropical gyre ecosystems if they do not adequately represent the processes that control the magnitude and interannual variability of DOM production. Therefore, quantifying any net increase in DOM production that may have resulted from the domain shift could provide a useful constraint for future models.
[4] Assessing changes in net DOM production due to the domain shift requires a comparison of current DOM inventories with those measured prior to the early 1980s, before the establishment of HOTs. Unfortunately, there is a paucity of DOM data in the North Pacific before even the mid1990s. DOC measurements have been published for only a few profiles in the subtropical gyre in the 1970s [Williams et al., 1980; Williams and Druffel, 1988; Sharp et al., 1995] , and despite a dramatic increase in DOC sample collection and measurement during the following decade, most of those analyses utilized a nascent combustion technique that was later found to be spurious owing to high blanks [Benner and Strom, 1993] . As a result, valid DOC results obtained from alternative methodologies were published for only a few profiles [Williams and Druffel, 1987; Druffel et al., 1992] .
[5] Without sufficient DOM data to document past changes in inventories or gradients, it is difficult to substantiate the effect a domain shift may have had on DOM dynamics. One approach is to assume that any net increase in DOM production over the last 2 decades has been balanced by net remineralization in the upper thermocline. Such an assumption would apply to the semi-labile fraction of DOM, which has a residence time from months to years in the open ocean [Kirchman, 1993] . This fraction could build up in the surface waters, creating a DOM pool that could be exported during wintertime subduction into the upper thermocline [Carlson and Ducklow, 1995] . The semilabile DOM could then be respired, contributing to apparent oxygen utilization and nutrient regeneration. If there was a tracer that could track that remineralization of DOM, one could potentially constrain the net increase in DOM production over time.
[6] The goal of this work is to assess the utility of preformed nitrate as a proxy for net DOM remineralization in the subtropical North Pacific. We review the reasoning behind the use of preformed nitrate as a potential indicator of DOM remineralization and establish a quantitative relationship between DOM remineralization and preformed nitrate in the eastern subtropical North Pacific. We then relate historical trends in preformed nitrate to variability in the remineralization of DOM and find that within the last 2 decades, there has been more than a doubling in the magnitude or C:N ratio of DOM remineralization in the upper thermocline.
Relating Preformed Nitrate to DOM Remineralization

Qualitative Observations
[7] Preformed nitrate is defined as the nitrate originally present in a water parcel prior to in situ respiration of sinking particulate organic matter (POM). It is calculated according to
where N pf is the preformed value, N m is the measured nitrate concentration, AOU is the apparent oxygen utilization, and R -O2/N is the stoichiometric ratio of oxygen consumption to nitrate regeneration during respiration of sinking POM [Park, 1967] . Preformed nitrate along with preformed phosphate has been traditionally used as a conservative tracer to identify water masses involved in global thermohaline circulation [Broecker, 1974; Broecker et al., 1985] .
[8] Key to the use of preformed nitrate as a tracer is the assumption that POM remineralization occurs at a known and constant stoichiometric ratio (i.e., Redfield stoichiometry). Analyses of inorganic carbon, nutrient, and oxygen distributions along isopycnals below 400 m have generally shown this to be the case Minster and Boulahdid, 1987; Boulahdid and Minster, 1989; Anderson and Sarmiento, 1994; Li and Peng, 2002] . Although some studies indicate systematic basin-to-basin changes in R -O2/N and R O2/C [Li and Peng, 2002] or decreases with depth in R -O2/P [Minster and Boulahdid, 1987; Boulahdid and Minster, 1989] , the mean remineralization ratios of oxygen relative to carbon, phosphorus, and nitrogen differ by no more than 15% across a wide range of studies (Table 1) . R -O2/N values lie within a relatively narrow range of 9.2 to 10.8 across the major ocean basins, but only after accounting for denitrification, which can be pronounced along isopycnals between 1000 and 2000 m in the eastern Pacific and Indian oceans. Such a correction is necessary to determine the ratio of oxygen consumption to nitrate regeneration that results from organic matter remineralization alone [Anderson and Sarmiento, 1994; Li and Peng, 2002] . This range of values agrees well with more shallow estimates of R -O2/N as derived from statistical fits to carbon, hydrogen, and nitrogen data in sinking particulate matter profiles [Martin et al., 1987] . Such data complement the isopycnal analyses since they estimate R -O2/N above 400 m, where the assumptions for isopycnal analysis break down. They also provide one of the few direct estimates of remineralization for sinking particles. Thus, over much of the water column and across the major ocean basins, oxygen consumption relative to nitrate regeneration appears to be constant to within about 10% during organic matter remineralization. As such, a value that is intermediate among the range of determinations in Table 1 (i.e., R -O2/N = 10) has been commonly used to calculate preformed nitrate [Emerson and Hayward, 1995] .
[9] Under the assumption of constant or Redfield stoichiometry, preformed nitrate should act as a conservative tracer maintaining a value equal to the initial nitrate concentration at the surface outcrop [Broecker, 1974] . For example, when a water parcel initially saturated with oxygen at the surface is subducted beneath the mixed layer, respiration of sinking POM will decrease its oxygen and increase its nitrate concentration in accordance with equations (1.1) -(1.4) in Figure 1 . The increase in nitrate will be proportional to the increase in AOU, but preformed nitrate will not vary because its determination normalizes the AOU change to R -O2/N ( Figure 1c) . Variations in this ideal may arise as waters are advected far from their source and mix with waters of similar density and different preformed values [Broecker, 1974; Broecker et al., 1985] , but close to the subduction region the ideal behavior should hold true.
[10] In the thermocline of the subtropical North Pacific, however, the preformed nitrate distribution exhibits features that are not entirely consistent with this notion of Redfield stoichiometry. Figure 2 presents preformed nitrate along three transects that cross the subtropical gyre. N pf was calculated from the nitrate and oxygen data for each cruise using equation (1) with R -O2/N = 10 and AOU equal to the oxygen saturation value at in situ temperature and salinity [Garcia and Gordon, 1992] Table 2 ). On shallower isopycnals, however, the preformed nitrate distribution is characterized by a negative anomaly. This feature is found throughout the region between 100 m and the 25.4 s q surface. It extends from 10°N to 30°N (Figures 2a and 2b) and from 140°E to 130°W (Figure 2c) , with its base rising to a slightly lower density ($25.2 s q ) in the western portion of the gyre. The anomaly varies in magnitude from 0 to À3.0 mmol kg
À1
, and its intensity increases in a roughly linear fashion as waters move south along isopycnals (Figure 3 ). The presence of these negative preformed nitrate values and the observation that they intensify along isopycnals strongly suggest that organic matter remineralization deviates significantly from Redfield stoichiometry.
[11] Emerson and Hayward [1995] originally documented this anomaly in the eastern subtropical North Pacific and addressed the possible causes that could lead to its formation. They showed that realistic variations in the calculation of AOU or in the selection of R -O2/N were insufficient to explain negative preformed nitrate. AOU estimates at station ALOHA, for example, would need to be revised downward by 5% to account for the average negative preformed nitrate (Figure 4 ). This would be highly unrealistic because subtropical surface waters are supersaturated by 1 -2% with respect to oxygen [Emerson et al., 1997] , and since the AOU calculation assumes waters were originally saturated at the surface, AOU values are already biased low. Likewise, R -O2/N would have to be at least 20 to account for the average negative preformed nitrate at ALOHA, but this would be twice as large as best estimates from the region [Martin et al., 1987] and well outside the range of values generally found in the ocean (Table 1) .
[12] Therefore, to explain the anomaly, a biological mechanism had to be invoked which returned less nitrate to the water column during respiration than expected from Redfield stoichiometric considerations. On the basis of the high C:N ratio that had been documented for DOM [Benner et al., 1992] and gradients in DOM that had been measured between the surface ocean and 200 m at Station ALOHA [Tupas et al., 1994] , Emerson and Hayward [1995] concluded that DOM remineralization must consume oxygen in the shallow layers without returning a stoichiometric equivalent of nitrate. Along isopycnals above the 25.4 s q surface, which outcrop in the subtropics where surface nitrate concentrations are negligible, this process would lead to a negative preformed nitrate anomaly. Along deeper isopycnals, which outcrop in nitratereplete surface waters, DOM remineralization might still contribute to a bias in preformed nitrate, but the difference would not be enough to produce a negative anomaly. More Pacific GEOSECS data between 400 and 4000 m with R -O2/N corrected for denitrification assuming constant N:P with depth. f North Pacific WOCE data between 400 and 4000 m with R -O2/N corrected for denitrification assuming constant N:P with depth. g Subtropical North Pacific between 100 and 400 m (sediment traps at Vertex IV, Vertex V Station 4, and NPEC sites).
recently, Abell et al. [2000] have corroborated this hypothesis based on AOU, DOC, and DON distributions in the eastern subtropical North Pacific. They found that DOM remineralization contributes significantly to AOU above the 25.4 s q surface, accounting for 70 to 90% of total organic matter remineralization, but returns very little nitrate to the water column owing to its high C:N ratio (30 -32).
[13] While both of these studies [Emerson and Hayward, 1995; Abell et al., 2000] have presented strong qualitative evidence that DOM remineralization may create the anomaly, neither provides the quantitative relationship that would be required to utilize preformed nitrate as a proxy for DOM remineralization. Establishing such a relationship is important since other processes such as nitrate uptake at depth by vertically migrating diatom mats [Villareal et al., 1999] , bacterial nitrate uptake during respiration [Emerson and Hayward, 1995] or N 2 O production as a byproduct of nitrification [Dore et al., 1998; Ostrom et al., 2000] are also non-Redfield processes that might contribute to the anomaly. Our goal in the next section is to quantitatively relate DOM remineralization to the preformed nitrate distribution in the eastern subtropical North Pacific.
Incorporating DOM Into an Isopycnal Mass Balance of Preformed Nitrate
[14] We developed a simple along-isopycnal mass balance that relates DOM remineralization to preformed nitrate ( Figure 5 ). The mass balance is for an arbitrary isopycnal in the ventilated thermocline of the eastern subtropical North Pacific. Water at the surface of this isopycnal is saturated with oxygen and has an initial nitrate concentration that represents the true preformed value (N i ). As this water is subducted along an isopycnal, degradation of sinking POM and advected DOM will contribute to changes in oxygen and nitrate. Solving for AOU and nitrate at steady state yields expressions for each term that depend on the magnitude of remineralization for sinking POM (DF POM ) and DOM (DDOM), the residence time of water with respect to advection (t) and the isopycnal thickness (h). These terms for AOU and nitrate can then be substituted into equation (1) to yield an alternative expression for preformed nitrate. This expression distinguishes any AOU and nitrate that has been Figure 1 . Schematic of (a) oxygen, (b) nitrate, and (c) preformed nitrate distributions along an arbitrary isopycnal. O 2 , AOU, N, and N pf represent the oxygen, apparent oxygen utilization, nitrate, and preformed nitrate concentrations. Subscripts i and m denote the initial concentration at the outcrop and the concentration at some arbitrary point along the isopycnal. DPOM is the concentration of sinking particulate organic matter that is remineralized within the isopycnal. R O2/POC and R -O2/N represent the stoichiometric ratio of oxygen consumption to particulate organic carbon degradation and nitrate regeneration, respectively. R N/-POC is the ratio of nitrate regeneration to particulate organic carbon degradation. Equations reflect the steady state mass balance for each tracer along the isopycnal. Shading indicates the relative concentration of the tracer along the isopycnal. generated via the degradation of sinking POM from that generated via the degradation of DOM (equations 5.3 and 5.4 in Figure 5 ). Assuming that sinking POM is remineralized according to Redfield stoichiometry, the sinking particulate terms fall out of this expression because any increase in nitrate during POM remineralization is balanced by an increase in AOU that is proportional to R -O2/N. As a result, we are left with an equation that relates preformed nitrate to DOM remineralization,
[15] We refer to this alternative expression for preformed nitrate as N 0 . It is mathematically equivalent to N pf since it is derived from equation (1), but it expresses the tracer in terms of a bias from the true preformed value (N i ). This bias depends on the magnitude of DOM remineralization (DDOM), the actual nitrate generated during DOM degradation (DDOM/C:N DOM ), and the nitrate that would have been generated if DOM were remineralized according to Redfield stoichiometry. In the case where there is no DOM remineralization or where C:N DOM is near Redfield, there will be no bias and N 0 will equal the initial nitrate concentration at the outcrop. However, if DOM remineral- Figure 2a were obtained from our own archives , and data for Figures 2b and 2c were obtained from the WOCE hydrographic program (http://whpo.ucsd.edu/whpopacific.htm). Positive contours correspond to 1, 5, and 10 mmol kg À1 preformed nitrate, and shading intervals correspond to negative preformed nitrate at 0, À0.5, À1.0, À1.5, and À2.0 mmol kg
À1
. Shaded points represent sampling locations, and the upper and lower dashed lines represent the 25.4 and 26.0 s q isopycnals, respectively. ization were greater than zero and C:N DOM were greater than the Redfield ratio, the bias would be negative and N 0 will be less than the true preformed value. In this way, DOM degradation allows for negative anomalies in the preformed nitrate distribution. It also allows for an intensification of the anomaly along an isopycnal because N 0 will become more negative in a water parcel as more DOM is degraded.
Comparing N 0 and N pf in the Eastern Subtropical North Pacific
[16] To determine the quantitative importance of DOM remineralization to the development of negative preformed nitrate, we compared N 0 to N pf for two transects in the eastern subtropical North Pacific: Stud97 from 10°N to 45°N along 155°W and GS2000 from 120°W to 155°W along 24°N (Figure 7 in section 3.1). We use previously published nitrate, AOU, DOC, and DON data to determine N 0 and N pf for these cruises Abell et al., 2000; Mecking, 2001; Abell, 2003] . Nitrate was measured using automated colorimetric determination [Strickland and Parsons, 1972] , and AOU was calculated by subtracting oxygen concentration measured via Winkler titration ] from the saturation value at in situ temperature and salinity [Garcia and Gordon, 1992] .
[17] Individual N pf values were calculated according to equation (1) from the measured nitrate and AOU. For Stud97, N pf was then averaged between 10°N and 30°N along four isopycnal layers: two in the heart of the negative preformed nitrate anomaly (24.4 -24.9 s q , 24.9-25.4 s q ) and two just below the anomaly but within the ventilated thermocline (25.4 -25.8 s q , 25.8 -26.0 s q ). For GS2000, N pf was averaged between 130°W and 152°W along two isopycnal layers: one in the negative anomaly (24.4-25.4 s q ) and one below the anomaly (25.4 -26.0 s q ). The vertical sampling resolution for this cruise was inadequate to average N pf on four layers.
[18] To determine N 0 , the magnitude (DDOM) and C:N ratio (C:N DOM ) of remineralized DOM was determined along each isopycnal. For Stud97, these parameters were determined from the isopycnal plots of AOU versus total organic carbon (TOC) and total organic nitrogen (TON) given by Abell et al. [2000, Table 3 and Figure 8 ]. Similar plots are presented here to determine the same parameters for the GS2000 cruise ( Figure 6 ). TOC and TON include a small quantity of suspended particulate matter in addition to the truly dissolved fraction, but since this amounts to less than 10% in open ocean waters [Karl et al., 1993; Libby and Wheeler, 1997] , we considered them equivalent to DOC and DON. C:N DOM was calculated by dividing the regression slope obtained from AOU versus TON by that obtained from AOU versus TOC. DDOM was then determined from the difference in TOC concentration between the surface (where AOU is zero) and the southern extent of the isopycnal (where AOU is at its maximum). We considered changes in TOC concentration to be an appropriate proxy for the magnitude of DOM remineralization, because most of the AOU generated during DOM remineralization is due to the oxidation of the carbon component.
[19] Once DDOM and C:N DOM were determined from the regressions, N 0 was then calculated according to equation (2) using R -O2/N = 10 and R O2/DOC = 1.3. The latter term was estimated from a mixing model that estimates chemical composition from 13 C-NMR spectral data [Hedges et al., 2002] and assumes remineralized DOM has a 13 C-NMR spectrum similar to high molecular weight DOM [Benner, 2002] . N i was determined by averaging winter mixed layer a DDOC and C:N represent the magnitude of DOC remineralization and the C:N ratio of remineralized DOM, respectively. N i is the average winter mixed layer nitrate concentration at the outcrop. Standard errors are in parentheses and have been propagated from the error estimates in DDOC, C:N DOM , and N i . Standard error for N pf is 0.20 mmol kg À1 as based on the accuracy of oxygen ] and nitrate [Abell et al., 2000] determinations. (2), only represents the local preformed nitrate at the point where DDOM is determined (10°N for Stud97 and 150°W for GS2000). On the basis of the isopycnal distribution for N pf (Figure 3 ), we assumed that N 0 varies linearly along the isopycnal and calculated a simple linear average,
[20] Comparing the average N 0 and N pf along isopycnals was preferable to a direct comparison of individual samples for two primary reasons. First DOC and DON were not always determined on the same water sample during the Stud97 cruise. Therefore, to estimate C:N DOM , it was necessary to relate DOC and DON remineralization by regressing each measurement to AOU, which had been determined on all samples. For GS2000, there was also sufficient data to make a direct estimate of C:N DOM by regressing DOC to DON. On the shallow isopycnal, this value (15.6 ± 4) was in close agreement with that derived from the AOU regressions (14.8 ± 4), so using AOU as a go-between did not seem to introduce significant error to the C:N DOM estimate. Second, knowledge of the preformed DOC concentration would also be required to determine DDOM from individual DOC measurements. The current database of DOM measurements in the North Pacific is not sufficient to estimate preformed DOC from in situ temperature or salinity on each water sample. Therefore the regression with AOU provides the only suitable means for estimating preformed DOC, since its value can be readily determined at the point where AOU equals zero along each isopycnal.
[21] Data for the comparison of the average N 0 and N pf are presented in between 24.4 and 25.4 s q , less negative compared to the Stud97 cruise owing to both the smaller magnitude and lower C:N ratio for remineralization along these isopycnals. These values are in excellent agreement with the average N pf as determined from the nitrate and AOU data. N 0 is only 0.03-0.04 mmol kg À1 greater than N pf on the shallowest isopycnals for each cruise, and only 0.15 mmol kg À1 less than N pf between 24.9 and 25.4 s q during Stud97 (Table 2) . N 0 may be less on this isopycnal because diapycnal mixing with the layer below might increase N pf without altering to the same degree the isopycnal relationship between DOM and AOU (upon which N 0 is based). Despite this small discrepancy, however, the strong agreement between N 0 and N pf indicates that remineralization of DOM with a high C:N ratio could support the entire negative preformed nitrate anomaly.
[22] On the deeper isopycnals, 10-16 mmol kg À1 of DOC is degraded at an average C:N ratio of 5 -10. This degradation more closely reflects Redfield stoichiometry, so deviations in N 0 from the true preformed value are not large. During Stud97, for example, N 0 is only 0.22 mmol kg À1 less than N i between 25.4 and 25.8 s q and actually 0.20 mmol kg À1 greater between 25.8 and 26.0 s q . This same feature is observed on the deeper isopycnal for the GS2000 cruise, where N 0 is about 0.45 mmol kg À1 greater than N i . It reflects remineralization of DOM at a C:N ratio that is actually less than the Redfield C:N of 7. There is also weaker agreement between N 0 and N pf on the deeper isopycnals ( . These values were determined from nitrate and AOU data (http://hahana.soest.hawaii.edu/hot/ hot-dogs/interface.html) using equation (1) with R -O2/N = 10 and assuming water samples were originally saturated with oxygen at the surface. The thick solid line represents the average N pf determined from the same data, but assuming waters were undersaturated by 5% when originally at the surface (i.e., AOU was lowered with respect to oxygen by 5%). Dashed line represents the average N pf determined from the same data, but with R -O2/N = 20. are contributing to deviations in preformed nitrate. It is likely that the discrepancy results from uncertainty in the estimation of N i on these isopycnals. Waters that outcrop between 25.4 and 26.0 s q are in a region of the North Pacific with a strong positive gradient in surface nitrate to the north. Small variations in the position of these outcrops with respect to the nitrate gradient have the potential to introduce a large variability in N i . The average N i may also be biased in the World Ocean Database owing to poor data resolution for surface nitrate data in these outcrop regions. This uncertainty introduces a source of both random and systematic error to the N 0 determination that makes it difficult to draw conclusions from the comparison between N 0 and N pf. As a result, N 0 cannot be effectively utilized as a tracer for DOM remineralization on these deeper isopycnals.
[23] The accuracy and precision with which N i is determined on the shallow isopycnals, however, is not an issue, because these isopycnals outcrop within the oligotrophic subtropical gyre. Nitrate concentrations in this region are almost always near zero, and meridional gradients are not discernible. Therefore the relationship between DOM remineralization and preformed nitrate is robust along these isopycnals, and we conclude that the magnitude and the C:N ratio of DOM remineralization is quantitatively related to the intensity of the negative preformed nitrate anomaly. In the following section, we identify temporal variations in the preformed nitrate distribution on a series of cruises in Figure 5 . Mass balance for oxygen, nitrate, and preformed nitrate along an arbitrary isopycnal. O 2 , AOU, DOM, N, and N pf represent oxygen, apparent oxygen utilization, dissolved organic matter, nitrate, and preformed nitrate concentrations (mmol kg À1 ), respectively. Subscripts refer to the initial value (i) at the outcrop and the measured value (m) at any point along the isopycnal. F POM,i and F POM,o are the fluxes of sinking particulate organic matter (mmol m À2 yr À1 ) into and out of the isopycnal. DDOM and DF POM are the amounts of dissolved and sinking particulate organic matter degraded along the isopycnal, in their respective units; ', w, and h are the dimensions (m) of the isopycnal, n is the advection velocity (m yr À1 ), and t = '/n is the residence time of the isopycnal with respect to advection. R N/-DOC and R O2/DOC are the stoichiometric ratios of nitrate regeneration and oxygen consumption to DOM degradation. R O2/POC , R -O2/N and R N/-POC are stoichiometric ratios as defined in Figure 1 . the subtropics and relate those changes to variations in DOM remineralization.
Changes in Preformed Nitrate From 1980 to the Present
Observations
[24] To assess potential changes in preformed nitrate over the last 2 decades, we analyzed nutrient and hydrographic data from a series of transects in the eastern subtropical North Pacific. These cruises were conducted between 1980 and 1997 along meridional transects between 152°W and 158°W (Stud97, 1997; WOCE-P16N, 1991; Marathon II, 1984; Fiona, 1980) (Figure 7) . They are the same cruises used by Emerson et al. [2001] to infer AOU changes in the upper thermocline.
[25] Preformed nitrate was calculated for each cruise according to equation (1) using measured nitrate and AOU (Figure 8 ). Values were then compared in the region of the negative anomaly bounded by 100 m and the 25.4 s q surface. Because the southern extent of each cruise varied, comparison was limited to the northern extent of the negative anomaly between 24°N and 30°N. Comparison of the preformed nitrate distribution among the four cruises revealed an intensification in the negative anomaly between 1980 and 1997. During the Fiona cruise (1980), there was only a small patch of negative preformed nitrate between 24°N and 26°N, with values just slightly below zero. Values within most of the region were slightly positive at this time. Four years later, during Marathon II (1984), the anomaly had intensified to slightly less than À0.5 mmol kg À1 and was present over a broader region extending from 22°N to 26°N. The vertical extent of the anomaly had also increased relative to that for Fiona. By WOCE-P16N (1991), the entire region between 20°N and 30°N contained negative preformed nitrate. This intensification continued into the Stud97 cruise with negative values exceeding À1.0 mmol kg À1 between 20°N and 24°N.
[26] To quantify the difference between cruises, we integrated preformed nitrate between 100 m and the 25.4 s q surface and then divided by the depth increment. This average preformed nitrate was therefore normalized for changes in isopycnal volume. Averages were calculated for three different latitude bins and two density intervals (Table 3) . Along the shallow isopycnals between 24°N and 30°N, cruises from the 1980s had positive preformed nitrate averages whereas cruises from the 1990s had negative averages. There was a steady decrease in preformed nitrate of about 0.61 mmol kg À1 between Fiona (1980) and Stud97 (1997). More negative averages were obtained as the limit of the latitude bin for each individual cruise was extended southward. Between 22°N and 30°N, for example, the anomaly was about 0.10 mmol kg À1 less for all cruises (except Fiona which could not be included in this calculation since it did not extend as far south). Between 20°N and 30°N, the average decreased an additional 0.05 mmol kg
À1
for both the Stud97 and WOCE-P16N cruises. This behavior would be expected since the anomaly intensifies to the south, but it emphasizes the importance of comparing the averages within the same latitudinal domain. In addition, the differences between cruises also varied as the southern latitude limit was extended. Between Stud97 and WOCE-P16N, the preformed nitrate difference decreased by about a third as the southern latitude limit was ) along two isopycnals during the GS2000 cruise. Geometric mean regression slopes, m AOU/TOC or m AOU/TON , are listed in the upper right-hand corner of each graph. Each regression estimate was based on 18 to 20 data points and was significant at p < 0.02 based on a one-factor between subjects ANOVA. The magnitude of DOM remineralization along each isopycnal was estimated from the AOU versus TOC plots (shaded arrows), and C:N DOM was determined from the ratio of regression slopes (m AOU/TON :m AOU/TOC ). The error associated with these regressions was incorporated into the derived quantities listed in Table 2 . Oxygen and total organic matter data were obtained from Mecking [2001] and Abell [2003] , respectively. extended from 24°N to 20°N. This would suggest that the difference between Stud97 and Fiona might also be more negative if the Fiona cruise track had extended to 20°N. As such, the 0.61 mmol kg À1 decrease between Fiona and Stud97 could be viewed as a conservative estimate of the preformed nitrate change.
[27] On the deeper isopycnals, we observed larger preformed nitrate variations between cruises of ±1 mmol kg À1 but there were no consistent trends over time. These larger variations were most likely due to changes in the initial nitrate at the surface outcrops for these isopycnals (see section 2.3). There was some evidence that the average preformed nitrate also decreased along these isopycnals as the latitude bin was extended southward. This was especially evident for Stud97, whose average preformed nitrate was 3.59 mmol kg À1 between 24°N and 30°N, but 3.18 mmol kg À1 between 20°N and 30°N (Table 3 ). This feature implies that some DOM remineralization at high C:N ratios might be occurring even on these deeper isopycnals. However, the same feature would also be expected if there were a secular increase in initial nitrate at the outcrop surface. This would be possible if the winter outcrop had migrated northward over the past 2 decades into regions of higher surface nitrate concentration. Unfortunately, we cannot differentiate between these possibilities owing to insufficient data resolution for winter surface nitrate. Therefore we offer no further conclusions about changes in preformed nitrate along these deeper isopycnals and focus our attention on the temporal trend in preformed nitrate in the more shallow layers.
Possible Explanations for the Temporal Trend in Preformed Nitrate
[28] There are a number of possible explanations for the observed decrease in preformed nitrate between 1980 and 1997 in the eastern subtropical North Pacific: (1) analytical bias in oxygen or nitrate data between cruises, (2) secular changes in surface nitrate concentration or oxygen saturation at the outcrops, (3) changes in the positioning or mixing of the subtropical gyre, (4) changes in the circulation or ventilation of the gyre, and (5) variation in the magnitude and C:N ratio of DOM remineralization. In this section, we show that the first four explanations are insufficient in magnitude to explain the observed changes in preformed nitrate.
[29] Since preformed nitrate is derived from nitrate and oxygen, systematic differences in these measurements must be accounted for when comparing data from different cruises. To determine systematic errors, we assumed that nitrate and oxygen concentrations were relatively constant . Data from these cruises were obtained from the CalCOFI database, the NODC, the WOCE web page, and our own archives. in deep waters, and compared cruise data below 2000 m. Emerson et al. [2001] have already compared oxygen data for these cruises by binning measurements into similar latitude and density regions and calculating a systematic offset from the mean. They found offsets of À0.63 and À0.98 mmol O 2 kg À1 for the Fiona and Stud97 cruises, respectively. They considered these maximal offsets because there is evidence that oxygen concentrations may be changing at the depths considered [Pahlow and Riebesell, 2000] .
[30] Nitrate variations were not examined in detail by Emerson et al. [2001] but are presented here in a similar fashion (Table 4) . For each bin, we calculated the mean nitrate concentration of all four cruises (last column in Table 4 ). We then calculated the difference between each individual cruise bin and the bin mean and averaged these differences to obtain an overall systematic error for each cruise (last row in Table 4 ). Stud97 values were typically higher (+0.31 mmol kg
À1
) and Marathon II values were typically lower (À0.27 mmol kg
) than the mean. Correcting for these offsets in the preformed nitrate data would yield lower values for Stud97 and higher values for Marathon, thereby intensifying the negative trend between the cruises. However, these deepwater differences likely overestimate the systematic error between cruises for measurements made in the upper ocean. Systematic errors in nitrate analysis usually result from variations in the calibration factor used to determine concentration, so small variations in the calibration factor will be magnified at larger nitrate concentrations. We wanted to estimate differences in a region where nitrate concentrations were no more than 5 mmol kg À1 (i.e., the upper limit of nitrate concentrations within the negative preformed nitrate anomaly). To do so, we interpolated the deep water bin values to 5 mmol kg À1 and recalculated the difference between cruises. (This assumes that the source of error is due only to changes in the calibration factor and not in the blank.) This resulted in analytical biases of À0.01 and +0.04 mmol kg À1 for Fiona and Stud97, respectively. Correcting the nitrate and oxygen for the analytical biases and incorporating them into equation (1) results in a preformed nitrate correction of +0.07 and +0.06 mmol kg
for the respective cruises. Therefore the overall difference in the observed trend is negligible.
[31] Secular variations in oxygen supersaturation or initial nitrate concentration in the surface outcrop might also produce changes in preformed nitrate. If oxygen supersaturation at the surface had decreased steadily over the past 2 decades, the AOU calculation would increasingly overestimate the true oxygen utilization. This would result in a decrease in preformed nitrate. If nitrate concentrations were steadily decreasing in the surface waters over time, preformed nitrate would also decline. It was necessary then to assess the potential for change in both of these parameters between 1980 and 1997.
[32] In the outcrop region for the isopycnals that encompass the negative anomaly, winter mixed layer O 2 ranges from 2 to 2.5% above saturation with a standard deviation of less than 0.1% (World Ocean Database 2001). The temporal resolution of the World Ocean Database is not sufficient to estimate winter O 2 saturations on an annual basis in this region, but we can compare O 2 saturations from 1975-1985 (102.32 ± 0.08%, n = 138) with those from 1985-1995 (102.33 = ±0.02%, n = 37) to ascertain that there were negligible decadal differences. It is likely, then, that saturation changes did not influence the preformed nitrate variation for the past 20 years. Secular decreases in surface nitrate concentration are also not likely in this region since waters above the 25.4 s q surface subduct within the portion of the gyre that is subject to perennial nutrient depletion. This assumption was supported by a comparison of average surface nitrate data (0À75 m) in the outcrop regions of the four cruises. These values varied in a narrow range and showed no apparent temporal trend (Fiona : 0.01 mmol kg À1 , n = 107; Marathon II : 0.00 mmol kg À1 n = 42; WOCE-P16N 0.00 mmol kg À1 , n = 12; Stud97 : 0.01 mmol kg
, n = 16).
[33] Changes in the position of the gyre over the last 2 decades might also produce a temporal trend since the preformed nitrate distribution varies with latitude and longitude in the North Pacific (Figure 2 ). Preformed nitrate would decrease, for example, if the gyre shifted northward replacing water between 24°N and 30°N with water from farther south, where preformed nitrate is more negative. In their analysis of AOU changes in the region, Emerson et al. Averages were calculated by interpolating preformed nitrate data to a regular grid and averaging within the specified latitude and density ranges. No means were calculated for latitude ranges that fell outside the southernmost extent of any cruise track. [2001] compared salinity data along isopycnals to assess gyre movement since it varies strongly with latitude and longitude in this region. They found salinity differences between the four cruises and concluded that the isopycnals in the upper thermocline had become fresher between 1980 and 1997. They point out that such a freshening could only result from a southward or westward shift of the gyre. Such movement would replace the relatively high salinity subtropical waters with lower salinity water from the north (the Subarctic transition zone) or from the east (the California current). Since preformed nitrate is higher both to the north and east, the change that would accompany such a freshening would be positive. Therefore it is highly unlikely that the shift in gyre position could produce the negative trend we have observed. For the same reason, enhanced mixing along isopycnals would also not be able to produce both the freshening in the salinity distribution and the observed decrease in preformed nitrate.
[34] Changes in circulation or ventilation rates could also alter the preformed nitrate concentration over time. A decrease in circulation or ventilation would increase the residence time of waters in the upper thermocline and allow bacteria more time to remineralize DOM. This would result in an increase in the magnitude of DOM remineralization that is independent of DOM production or export at the surface. However, it would still lead to a decrease in preformed nitrate. Mecking [2001] has used pCFC -12 ages to constrain changes in water mass residence times within the past 2 decades along 152°W. They found significant age increases of up to 40% (4 years) in the upper thermocline of the Subpolar Frontal Zone (38°N-45°N ), but only a 20% (1 year) increase in the subtropics. Given a residence time of 5 years for waters along the shallow isopycnals in the late 1980s [Warner et al., 1996] , a 1-year increase in residence time would result in a 13% increase in DOM remineralization. This assumes first-order degradation of semi-labile DOM at a rate constant (k = 0.13 yr À1 ) that is consistent with the 20-25 mmol kg À1 decrease observed during the Stud97 cruise. If this material were remineralized at the same C:N ratio that is presently found for DOM degradation, a 0.12 mmol kg À1 decrease in the average preformed nitrate would result. Although this is a significant fraction (20%) of the observed temporal change in preformed nitrate, it should be noted that pCFC-12 age differences along shallow isopycnals are very sensitive to the level of saturation chosen at the outcrop. For example, a saturation level of 95% is more likely for waters which outcrop along 25.4 s q [Mecking, 2001] , in which case the pCFC-12 age difference in the upper thermocline of the subtropics would become negligible. In addition, the supply of inorganic nutrients will also be reduced as circulation slows. Therefore, if these nutrients become limiting to the bacterial community, the rate of DOM remineralization would be reduced and the impact of the circulation change on preformed nitrate would be minimized.
Assessing the Change in DOM Remineralization Over the Past 2 Decades
[35] Of the processes discussed above, only the slowing of ventilation in the subtropics could account for even a fraction of the observed decrease in preformed nitrate between 1980 and 1997. As this estimate is based on fairly liberal assumptions regarding the influence of circulation on preformed nitrate change, we believe the majority of the observed trend must be due to an increase in the magnitude and/or C:N ratio of DOM remineralization. To quantify this apparent change, we considered the difference in average preformed nitrate between Fiona (N 1 0 ) and Stud97 (N 2 0 ),
Assuming either a constant C:N ratio or a constant remineralization magnitude over time, we can use equation (4) [Abell et al., 2000] . Integrating over the height of the shallow isopycnals (Fiona = 100 m, Stud97 = 125 m) and assuming a mean residence time of 5 years [Warner et al., 1996; Mecking, 2001] , DOM remineralization would have been 260 mmol C m À2 yr À1 in 1980 compared to 625 mmol C m À2 yr À1 today. DOC cannot be supplied from below via mixing or laterally from the gyre edges because concentrations are lower in these regions [Abell et al., 2000; Abell, 2003] . Therefore this increase in flux must be supplied from the surface and could reflect enhanced production and export of DOM, possibly in response to the domain shift proposed by Karl et al. [2001a] .
[36] Alternatively, if DDOM remained constant ($25 mmol kg À1 ) and C:N DOM varied, the observed decrease in preformed nitrate would correspond to an increase in C:N DOM from 12 in 1980 to 30 today. Such a range for C:N ratios is large but possible considering that the elemental C:N ratio in semi-labile DOM can be as low as 8 [Hansell and Waterhouse, 1997; Abell et al., 2000] and at least two thirds of the components that make up HMW DOM are carbohydrates or lipids with an essentially infinite C:N ratio [Benner, 2002] . This scenario would require no increase in the magnitude of DOM remineralization, but it could potentially result from an enhanced microbial cycling of DOM in response to a domain shift. In this case, the enhanced cycling of DOM in the surface coupled with the ecosystem's inorganic nitrogen limitation could result in a preferential loss of bioavailable DON prior to the material's subduction into the upper thermocline.
[37] Distinguishing the relative contribution of each of these scenarios to the preformed nitrate change is difficult. Certainly, they would result in different impacts on the nitrate and AOU distribution in the upper thermocline. An increase in DOM remineralization would result in both higher AOU and nitrate along the shallow isopycnals, whereas an increase in the remineralization ratio would result in similar AOU but reduced nitrate. As such, it might seem obvious to analyze trends in nitrate or AOU to determine whether the inventory along these isopycnals changed. However, AOU and nitrate distributions are also affected by the remineralization of sinking particulate matter, and since the export of sinking particulate matter may have also changed due to the domain shift [Karl et al., 1996; Hebel and Karl, 2001] , neither tracer can be used to uniquely identify changes in DOM remineralization.
[38] Preformed phosphate is possibly the only tracer that could provide information solely on the remineralization of DOM. Unfortunately, the expected changes would be too small to detect with any certainty. For example, the C:P DOM ratio must at least be greater than 125:1 in order for enhanced DOM remineralization to lead to negative deviations in the preformed phosphate (R O2/DOC = 1.3, R -O2/P = 162 from Table 1 ). On the basis of DOC and DOP profiles between the mixed layer and the 25.4 s q surface, the C:P remineralization ratio can be constrained to between 133 and 167 [Abell et al., 2000] . Even at the upper end of this range, an increase in DOM remineralization of 12 mmol kg À1 would result in a preformed phosphate change of only À0.03 mmol kg
À1
. Such a small change would be difficult to detect when the precision of the phosphate measurement (0.02 mmol kg À1 ) and the systematic difference between cruises (0.02 mmol kg À1 ) are considered. Without an additional tracer to constrain the relative importance of each factor, we can only conclude that the magnitude and/or C:N ratio of DOM remineralization increased in the subtropics in response to the domain shift.
Conclusions
[39] We have shown that remineralization of DOM at high C:N ratios can produce the negative preformed nitrate anomaly that is found in the upper thermocline of the eastern subtropical North Pacific. A negative trend in preformed nitrate between 1980 and 1997 in this region indicates more than a doubling in the magnitude or C:N ratio of DOM remineralization. These changes support the hypothesis that the production and cycling of DOM in the euphotic zone may have increased as a result of a domain shift in the phytoplankton within the last 2 decades [Karl et al., 2001a] .
[40] A shift in the phytoplankton community toward smaller size distributions reduces the transfer of carbon and nitrogen to larger zooplankton, which are more efficient at packaging primary production into sinking particles [Azam et al., 1983; Karl et al., 2001a] . Much of the primary production thus remains in the dissolved pool where it is more likely to be respired by the heterotrophic bacterial community ]. In the present-day subtropical gyre, the dominant autotrophs Prochlorococcus and Trichodesmium are known to release significant quantities of DOM as a normal part of their metabolic processes [Karl et al., 1992; Capone et al., 1994; Glibert and Bronk, 1994] . These organisms may have been responsible for an increase relative to 2 decades ago in the fraction of DOM produced during photosynthesis. Much of the DOM that these organisms release, however, can be characterized as relatively labile with residence times on the order of days [Capone et al., 1994; Glibert and Bronk, 1994] . Our observations suggest an increase in the remineralization of semi-labile DOM, which has a residence time from months to years [Kirchman, 1993] . In order for such a semi-labile pool to build up in the surface ocean, some sort of selective processing by bacteria during DOM cycling may be required. Ogawa et al. [2001] have shown that bacteria convert labile DOM to refractory components that have residence times greater than a year. This could lead to an annual buildup of semi-labile DOM in the euphotic zone, which could subsequently be exported during wintertime subduction [Carlson et al., 1994] . Alternatively, intense competition with autotrophic bacteria (i.e., Prochlorococcus) for inorganic nitrate and phosphate could help maintain low heterotrophic biomass and growth rates. This could also allow for the buildup and subsequent export of degradable DOC from the euphotic zone [Thingstad and Hagstrom, 1997] . The observation that remineralized DOM has a very labile DOC component, but a refractory DON component [Abell et al., 2000] , points to a combination of bacterial cycling and nutrient limitation as necessary preconditions for DOM export from the subtropical North Pacific.
[41] The interactions between enhanced autotrophic production of DOM and selective bacterial cycling reflect a fundamental reorganization of the way in which organic carbon and nitrogen might be exported from the euphotic zone. The combination of these processes effectively increases the residence time of carbon and nutrients in the surface ocean and changes the nature of the region's biological pump. Recently, Emerson et al. [2001] suggested that a 30-40% increase in the biological pump may have occurred in response to the doubling of primary productivity within the last 20 years in the subtropical North Pacific [Karl, 1999] . They based this conclusion on a 10 to 20 mmol kg À1 increase in AOU, which could have resulted from an increase in the remineralization of sinking particulate matter in the upper thermocline. They could not unequivocally attribute this change to remineralization, however, since a reduction in thermocline circulation or ventilation would also result in an AOU increase. S. 45°N ) has decreased and this decrease is sufficient to explain most of the observed change in AOU. However, in the heart of the subtropics (south of 35°N), where the AOU also increased by about 16 mmol kg À1 , the pCFC-12 age difference is too small to account for the increase through ventilation changes [Mecking, 2001] . In these regions, the AOU change is a strong indicator that the biological pump has increased within the last 2 decades. The 12 mmol kg À1 increase in DOM remineralization that we infer from the preformed nitrate change would correspond to a 15 mmol kg À1 AOU change (assuming R O2/DOC = 1.3). Therefore most, if not all, of the increase in the biological pump in the subtropics was likely in the form of DOM.
